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about thermoelectricity

Thermoelectric (TE) devices convert heat into electricity or
electric power into cooling (or heating) power.

This lecture is about the physics and the mathematical
description of thermoelectricity.

We concentrate in this lecture on the physics and use
heuristic mathematical arguments.

In Lecture 5, we present a formal, mathematical
derivation.
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mathematical description

In Lecture 2 we saw that the electrical current in the bulk is:

Jx=0,d(F,/q)/dx o, =conductivity=1/p  (1/Q-m)

Alternatively, we could write this equation as:

d(F,/q)/dx = p,J,,

How do these equations change when there is a temperature gradient?
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mathematical description

The answer is:

d(F,/q)

Jnx =0, - Sno-n dTL
dx dx

S, is the Seebeck coefficient in V/K.

Alternatively, we can write this equation as:

d(Fn/q)_pJ -I-S dTL

dx. " dx
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mathematical description

Thermoelectricity involves the flow of charge and heat, so in addition
to the equation for the charge current, we need an equation for the
heat current:

Jo, =—k,dT/dx W /m?

Qx

How does this equation change when there is a current flow?

6 Lundstrom 2011



mathematical description

The answer IS

d(F,/q dT
Jox =(S,0,T,) (dx/ )—Kod—XL W /m?

Alternatively, we can write this equation as:

=S T . :
] dl 7 il T is the Peltier
Qs S0 g Kk =k,—S’c T, coefficient in W/A

n

J

Important point: Both electrons and the lattice (phonons) carry heat.
These equations refer only to the portion of the heat carried by the

electrons.
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INn this lecture...

Our goal Is to understand the physical origin of the
Seebeck coefficient (which is also called the
thermopower) and the Peltier coefficient and how
they are related to the properties of the
semiconductor.
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outline

1) Introduction

2) Current flow

3) Heat flow

4) Coupled flows

5) Thermoelectric devices
6) Discussion

7) Summary

We will use an approach similar to that of Prof. Supriyo Datta.
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temperature gradients and voltage

voltage difference develops
to stop current flow

cool hot

TL2 > TLl

n-type semiconductor

TLl <€
electron flux due to temp gradient

—O Vo +

Temperature gradients give rise to an open circuit voltage, which is
known as the Seebeck effect. Expect a positive voltage for an n-type
semiconductor (and negative voltage for a p-type semiconductor.)
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current Is proportional to (f;, — f,)

A ‘ T,>T,
E |,
\
\ n-type conduction
few kBTL{ E.
-type conduction \
P-typ \+ Fermi-Dirac statistics
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n-type semiconductor: equilibrium, V=0

Ee, ¢Bnﬁ Er, =Eq

TLl TL2 — TLl

metal Ev metal
contact 1 contact 2

ideal contacts (no band bending)
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n-type semiconductor: isothermal, V >0

Electrons flow at an average
energy that is a little above
the bottom of the conduction

Positive voltage
lowers the Fermi

An band. _,Z energy.
£ E.(X) = i > !
ilnane 40 Er, =B —QV
F, (x) -
T, £ <0
X TL2 :TLl
metal E, (X) I
contact 1 comnte;f:lt 2

13
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Seebeck effect

temperature-difference causes
electrons to flow from right to left

Positive voltage will

E - — o develop to make the
current zero.
E., Ec (%) /
________ Er, =B —QV
F. ()
I £
<0
” TL2 > TLl
metal E, (x) ol
contact 1 I
contact 2
X
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Seebeck effect (ii)

J,=0=f =f,= f|E.(0)+A, |=f,| E.(0)+A, |

15

A
f, >eelea___ Ee + A
/ T T
/ ~~\L=\ f2
- - e (x) _ =~
F1 F (X -
i (%) =
L1
TL2 >TL1
metal E, (%) metal
contact 1 (short section of sample) contact 2
Ee, =Ep —QoV
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Seebeck coefficient

J,=0= f,[Ec(0)+A, |=f,[ E.(0)+A,] Er=Er—0qoV

1 1

Ec +An_EF1)/kBTL1 - 1_|_ e(Ec +An—EF1+q5V)/kBTL2

1+ ¢

(Ec +A, —Eg) _ (Ec +A, —EL, +qoV)
kB-I-Ll kB-I-LZ

E.(0)+A,—E
qT.,
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Seebeck coefficient summary

Kg

] J=86 1V /K

0. ~2 (3D, non-degenerate)

) —>—EF_EC

(degenerate)
’ kBTL

(by convention, S is negative
for n-type semiconductors.)
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Seebeck coefficient summary

d(F,/q)

dx dx

The Seebeck coefficient (or “thermopower”) is proportional to the difference
between the energy at which current flows and the Fermi energy.

18
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Seebeck coefficient of Ge

1200
1000¢
T 800

0" 500l

1V /K -
400y

200!

Exp. data: T.H. Geballe and G.W. Hull, “Seebeck Effect in Germanium,” Physical
Review, 94, 1134, 1954.
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outline

1) Introduction

2) Current flow

3) Heat flow

4) Coupled flows

5) Thermoelectric devices
6) Discussion

7) Summary
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the Peltier effect

J <0 J,/(-q)>0 Jo=7,3,>0
A‘]Q AJQ
\'heat flux —===—=—=—- >

electron flux ====== >
cool hot

n-type semiconductor

5 X
T T =T
: 2 1|  contacts

maintained at
Q same temperature
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understanding the Peltier effect

Questions:

Why does J, =7,J, ?
(when the two contacts are at the same temperature)

What determines the Peltier coefficient, 7, ?

Answer:. We should draw an energy band diagram.
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N-type semiconductor: equilibrium, V=0

EC
Ee, Er, =Eg
EF
T —
1 n(X) — Nce(EF_EC)/kBT ~ NS T2 Tl
E, metal
contact 2

metal
contact 1

23

ideal contacts (no band bending)
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N-type semiconductor: isothermal,V >0

Electrons flow at an energy a
little above the bottom of the

24

conduction band.
Ec (X)
. A, >
F1 L Ee, =Ep —qV
C
T, Z, <0
X T2 — Tl
metal B, (X) I
contact 1 comnte;f:lt 2
X
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N-type semiconductor: isothermal,V >0

energy
v absorbed Q=E, (0)+An - E,
E | perelectron d_en_ergty d
ISsipate
/} Ec (x) +4, Q=Ec(L)+A,-Ep,
>
E-, L E (X) -\
|:n (X) EFl_qV
T, 2 —
€“— |'R ——> Tz _Tl
metal Ey (X) tal
contact 1 comnteagt 2
X

heat is absorbed (emitted) when the average energy

25 . .
at which the heat current flows increases (decreases)



Peltier coefficient

1) Electrons flow from left to right when V, > V,.

2) The flux of electrons from left to right is J,,, /(-q)

3) Each electron absorbs and then carries an
amount of heat: Q=E; (0)+A, -E,

4) So the heat flux from left to right is:
‘]Ql — |:EC (O)_I_An o EFl X ‘]nx (_q) — 7Z-n‘]nx

T =— [EC (0)+A, —Eg (less than zero for an n-type
" semiconductor)

26
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a remarkable result

z.=T,S,  “Kelvin relation”

The Peltier coefficient is proportional to the difference between the energy
at which current flows and the Fermi energy — just as the Seebeck
27 coefficient was. Lundstrom 2011
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outline

1) Introduction

2) Current flow

3) Heat flow

4) Coupled flows

5) Thermoelectric devices
6) Discussion

7) Summary
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basic equations of thermoelectricity

£-x :pn‘Jnx_I_Sn dTL
dx

‘]Qx :ﬂ-n‘Jnx_Knﬂ
dx

Four transport coefficients:

1) resistivity (Q-cm) = 1/conductivity (S/cm Note: These equations
) Y ) y( ) describe electric and

2) Seebeck coefficient (V/K) heat currents due to
3) Peltier coefficient (W/A) electrons. Phonons also
4) Electronic heat conductivity (W/m-K) carry heat.
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electrical conductivity

o, zjar'](E)dE

a.:(E)=qu2M3D(EV“(E)(_a_Ej

The Units of the differential conductivity are S/m-J

M;p(E) is the number of channel per cross-sectional area at energy, E.

30
Lundstrom 2011



31

Seebeck coefficient
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Peltier coefficient

7, =T,S,(T.) Kelvin relation

i’x=pn3nx+5n%

X
Onsager
relations for
dT,

coupled flows J —xJ g 2
Qx n* nx n dX

32
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electronic heat conductivity

kK, =T.o,L L is the “Lorenz number”

The Lorenz number depends on details of bandstructure, scattering,
dimensionality, and degree of degeneracy, but for a constant mfp and
parabolic energy bands, it is useful to remember:

2 2
L.z:Z(ZEiLj L_::fzf-(k&iJ
g 3¢
non-degenerate, fully degenerate

3D semiconductors e.g. 3D metals
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lattice thermal conductivity

dT
quﬂan—K& K':K'n-l—KL

Both electrons and lattice vibrations carry heat — we have
been discussing the electronic part.

In metals, heat conduction by electrons dominates: x, >> k|
In semiconductors, lattice vibrations dominate: &, >> K,

34
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Example: TE transport parameters of n-Ge

Pn Q-m
dT V
£ =pJ +S —=
Sn V/K x = PnYnx " dx (mj
7. W/IA=V JQx:”anx_KddTL (W)
X
k. W/m-K
N, =10% cm n, = Neel& Bkl o N
T =300K N. =1.04x10* cm®

i, =3200 cm?/V-s
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TE transport parameters of n-Ge: resistivity

py Qm  —
dT V
E =pJ +S —=
Sn V/K x — PnYnx n dx (mj
r, W/IA=V ] —n ] _KdTL (W)
Qx n* nx dX
k. W/m-K

N, =10 cm™ ~n,
1. =3200 cm?®/V-s P, =1/n,qu, ~2 Q-cm
o, =N,qu, Slcm
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TE transport parameters of n-Ge: Seebeck coeff.

p, =2Q-m
dT V
£ =pJ +S —=
Sn V/K e x — PnYnx n dx (mj
z, WA=V b=z ()
Qx n* nx dX
k. W/m-K

N, =10 cm™ = n, (E.—E;)/kgT, = In(N./n,) = 9.3
N, = Nce(EF_EC)/kBTL 5, ~2 (non-degenerate, 3D)
N.=1.04x10" cm? E_E

c sn:(ksj{( = F)+5n}z—97ouw|<
T =300K - 5/
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TE transport parameters of n-Ge: Peltier coeff.

p, =2Q-m
dT, (V
S, =970 V/K £ Pl 505 (mj
r, WA=V €—— ] ] _KdTL (W)
Qx n* nx dX
k. W/m-K

z7.=T1.S, ~-03V

Lundstrom 2011



39

TE transport parameters of n-Ge: Peltier coeff.

p, =2Q-m
AY
S =-970 V/K £ = Prduct S (mj
7. =—03W/A=V
: JQX:ﬂanX_KddTL (W)
X
k. W/m-K «—
K

—=1L (Lorenz number)
TLCTn

_ 4
L = 2(kB /q)2 (non-degenerate, 3D) i, =2.2x10 W/m-K

c,=1/p,
Lundstrom 2011
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TE transport parameters of n-Ge:

p, =2Q-m

aT, (V
S. =-970 V/K £y = Prdn +S, o~ (mj
7. =-03 WA=V dT,

J.=nJ -k (W)
Qx n“ nx dX
K, =22x10" W/m-K

All of these parameters depend on the temperature and carrier
concentration (Fermi level).

Note also:

kK, =58 W/m-K >> k.

Lundstrom 2011
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outline

1) Introduction

2) Current flow

3) Heat flow

4) Coupled flows

5) Thermoelectric devices
6) Discussion

7) Summary
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thermoelectric cooling

cool
777777
o |37 o
| N-type P-type |
— N %%gﬂﬂﬂﬁﬂﬁﬂﬂzﬂzﬂﬂﬁﬁﬁa____e>
Bl |
hot hot

1) What determines the maximum temperature difference?
2) How much heat can be pumped?
3) What is the coefficient of performance?
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thermoelectric power generatio

hot

Z
A

o
o

"t

| N-type P-type

Z
A

o

Z
o

o

Z
o

o

Z
o

o

)
e

o
o
o
o
o
o
o
o
o
o
o
o,

s
s

i

cool (ambient) cool (ambient)

&«

,

1) How much heat can be converted into electricity?
(what determines the efficiency?)

Lundstrom 2011
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simplified TE device (one leQ)

A

Qy
hot

N-type

" o A TA
I TS
cool

e

Lundstrom 2011
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simplified TE cooling device (one leq)

T TT 1) heat extracted from the cold side

ot

H N A
%T'— % ~ 1 :
L L N-type | 1 I°’R. /2 2) heat pumped by Peltier effect
I -
Rn - = | L |
o, A L |I’R,/2 -
oy |y
| — TC V/% 3) heat diffusing down the thermal
gradient
cool
C 4) heat generated by Joule heating
45
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simplified TE cooling device (one leq)

T¢¢TA
Qu 1 dT, I°R, (Wj
1] Qo =7,——k - 2

hot X A b 2A "
_9221?422 - \ ‘? d(?C -0 |

1 L N-type |2Rn/2 dl =U—> max, QCmax
l?n ==———";§ - L ? |

T I R|n /2 QC max — 0— ATmaX

| |- v
\—7 ) " :
cool 1 500,

AT, ==Z(TE) Z =

1116411 ——————

46
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cooling efficiency (COP)

T¢¢TA
Q4 | dT, |2Rn (Wj
1 Qo =7,——k - >

hot X A dx 2A m
7 N A
= 1N B ; dQ _, 0
1L N-typ IZRn/Z di - max, ~<C max
Rn = — - L , 1 Q
o, A TTT I°R /2 7 = G
- \Il Pin

\— .

cool COP at maximum cooling power:

M et

in

47
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TE power generation

hot '1‘
|
4 =
1’R/2
N P
7 >

cool (ambient) |

o/

48

RL

Lundstrom 2011

Similarly, an analysis of the
power conversion efficiency,

IR,
77 = =
P AQ..

shows that it is also
determined by the TE figure
of merit, Z.
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outline

1) Introduction

2) Current flow

3) Heat flow

4) Coupled flows

5) Thermoelectric devices
6) Discussion

7) Summary
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2
7 =21% g
K
2
ZT — Sn O-nTL
K

dimensionless figure of merit

The higher the ZT figure of merit, the more efficient a TE device.

1) What material properties are needed for a high ZT?
2) Given a material, how can we optimize ZT?

Lundstrom 2011



FOM

2
ZT — Sno-nTL

Numerator:

S, (TL) _[ Ky ]{( Ec - Fn) S } Mostly determined by position of band

—q kT, n edge and E.. Similar for most materials.
2q2 Need a large no. of channels (large M,
T _( h j<M ><</1>> Ec). Need large m.f.p. (mobility)

Denominator:

Mostly determined by lattice thermal
K, >>K, g
conductivity. (Lecture 9)

51
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FOM: PF vs. Fermi level

The peak PF occurs when $25 T
Er is near the band edge. /T =—nh"nt

N

52
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Inside view of heat absorbtion/emission

cool

OB

it

N

53

/N

P

—> |
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measuring S

Ty T, thermocouples to
measure temperature
Vmeas = AVS B AVI
AV, = -
AT .
Q
qv]
S ()
AV = 2L
I AT L
g __(8.-8)
meas AT

54
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1)
2)
3)
4)
5)
6)

outline

Introduction
Current flow
Heat flow
Coupled flows
Discussion
Summary
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summary

1) We have discussed the physics of thermoelectricity —
the Seebeck and Peltier effects.

2) We have developed the basic equations that
describe thermoelectricity.

3) We have discussed the four TE parameters

4) And we have introduced TE devices and the FOM

Lundstrom 2011



57

1)
2)
3)
4)
5)
6)

guestions

Introduction
Current flow
Heat flow
Coupled flows
Discussion
Summary
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